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▼Many genes in yeast and some genes in higher eukaryotes
that are expressed independently of a proper TATA box, ex-
hibit multiple sites of transcriptional initiation (Ref. 1). In
principle, such sites can be determined by use of primer
extension protocols. The 5’ RACE (rapid amplification of
cDNA ends) technique (Ref. 2), however, is the method of
choice whenever several transcription start sites coupled
with a low expression rate of the gene in question is to
be expected. The classical 5’ RACE method as described by
Frohman et al. (Ref. 2) uses reverse transcription of total
mRNA with a gene-specific primer followed by addition of
a poly(A) tail to the 3’ end of the first strand cDNA. Sub-
sequently, a tag primer ending with a poly(T) tail is used
to synthesize the second strand cDNA, followed by several
rounds of PCR amplification. Although, in principle, the
number of A residues added to the free 3’-OH end of the first
strand cDNA can be more or less controlled (Ref. 3), the ex-
istence of multiple, often closely spaced initiation sites can
bemasked under a ‘smear’ in the ethidium-bromide-stained
gel owing to the heterogeneous annealing of the tag primer
to the templates (Fig.1, lanes 1, 3). Therefore if multiple ini-
tiation sites are to be expected, only cloning and laborious
sequencing of a large number of molecules will allow the
detection of distinct initiation sites. Even then, some sites
might escape the detection.
A simple way to overcome this problem is to use ’lock-
docked’ tag-primers (Ref. 4) which − after an appropriate
length of T residues − end with any nucleotide other than
T at the last but one position (G, C or A), followed by one
of the four nucleotides at the last (3’) position. Thus, the
heterogeneity in priming of second strand synthesis by a
poly(T) stretch only is avoided, yielding discrete bands af-
ter appropriate electrophoretic separation of the PCR prod-
ucts. However, this primer mixture contains 12 possible
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permutations of the last two nucleotides which reduces the
concentration of the fitting primers in a mixture of all pos-
sible primers. This, in turn, may cause a problem if low-
abundance transcripts and multiple initiation sites are to
be expected.
We successfully used an equimolar mixture of the tag-
primers ending with A, G, or C, respectively (‘hook’ primer
RACE-N), thus having a single ‘lock-dock’ nucleotide,
which increases the concentration of any fitting primer by a
factor of four. We readily amplified multiple 5’ ends of the
yeast retrotransposon Ty4 derived mRNA (Fig. 1, lanes 3,
4). Ty4 is transcribed at a very low rate, comparable to the
GAL4 gene in yeast, has multiple transcription initiation
sites, and cannot be detected by classical Northern blotting
techniques (Ref. 5). Furthermore, 5’ ends of germline tran-
scripts of the human immunoglobulin λ light chain locus
(Ref. 6), which are also of low abundance, have multiple
initiation sites and are differentially spliced, were amplified
using the ‘hook’ primer (RACE-N) (Fig.1, lane 2).
We further showed that using the ‘hook’ primer (RACE-
N) instead of the lock-dock primer (Ref. 4) (RACE-NN)
is more sensitive in detecting less abundant transcripts
(Fig. 2). The Ty4 transcript (approximately 0.1 copies per
cell) (Ref. 5) is readily detected using the RACE-N primer
(Fig. 2) even after only 25 cycles of amplification. After
35 cycles, minor transcript start sites are also displayed us-
ing the RACE-N hook primer, but no product is visible using
either a conventional RACE-primer or the lock-dock primer
RACE-NN. This may be due to the limiting concentration
of the fitting primer(s) in the RACE-NN lock-dock primer
mixture.
It is obvious that this method can also be used to de-
tect 5’ and 3’ ends in a single assay using the mod-
ified hook primer RACE-ON [5’-AAGGCTCCGTCGGC-
ATCGTTTTTTTTTTTTTTTTT(A,G,C)-3’] for first strand
synthesis followed by RNase treatment, attachment
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FIGURE 1. Detection of multiple 5′ ends of low-abundance mRNAs.
5′ ends of the low-abundance mRNAs of human immunoglobulin λ
germline transcripts (lanes 1, 2)and the retrotransposon Ty4 of
Saccharomy cescerevisiae were amplified using a conventional
RACE-primer (5′-AAGGCTCCGTCGGCATCGATCGCG-
CGACTCTTTTTTTTTTTTTTTTT-3′; lanes 1, 3) or the ‘hook’ primer
RACE-N [5′-AAGGCTCCGTCGGCATCGATCGCGCGACTCTTT-
TTTTTTTTTTTTTT(A,G,C)-3′; lanes 2 and 4]. Primers for first strand
synthesis were: C2-2 (5′-TTCTCCACGGTGCTCCCTT-3′) for the Ig λ
transcript, Ty4-480 (5′-CTTAATGGCGTCTGTCTGACA-3′) for Ty4
transcripts. Two rounds of PCR amplification (30−35 cycles each) with
the nested primers RACE-O and RACE-I (see text) and the
gene-specific primers C2-2 and Ty4-480 (first PCR) followed by λ 1−5
(5′-GCCCCACAGGCTCCGCAGG-3′; for the Ig λ transcript) or
Ty4-428 (5′-GCGCAGAAATGTTGTCGTCA-3′; for the Ty4
transcripts) were performed.
of (dA)n tails and second strand synthesis using
the modified hook primer RACE-IN [5’-GCATCGATCG-
CGCGACTCTTTTTTTTTTTTTTTTT(A,G,C)-3’]. Thus, the 5’
and 3’ ends are eachmarked by a distinct tag primer (RACE-
O: 3’ and RACE-I: 5’). Gene-specific primers may then be
FIGURE 2. The hook-primer RACE-Nis more sensitive in detection
oflow-abundance transcripts. 5’ ends of the low-abundance mRNA of
retrotransposon Ty4 of Saccharomyces cerevisiae were amplified using a
conventional RACE primer, the ‘hook’ primer RACE-N, and the
lock-dock primer RACE-NN (5’-AAGGCTCCGTCGGCATCGA-
TCGCGCGACTCTTTTTTTTTTTTTTTTT(A,G,C)(A,G,C,T)-3’. After
second strand synthesis with these primers, the products were
amplified for 35 cycles with the primer RACE-O and a gene-specific
primer, followed by a nested PCR using RACE-I and another
Ty4-specific primer for the numbers of cycles indicated. 1, RACE
primer; 2, RACE-N; 3, RACE-NN.
used in combination with RACE-I or RACE-O to amplify
any 5’ or 3’ end from the same mixture by PCR.
Method
Fifty to one hundred nanograms of mRNA were retro-
transcribed for 1 h in a total volume of 50 µl using a
gene-specific primer (30 nM) and an RNAseH- reverse tran-
scriptase (Promega) as recommended by the manufacturer.
It should be kept in mind that using a reverse transcrip-
tase which works at 37−42◦C does not really select for the
12 www.sciencedirect.com
Technical Tips Technical Tips Online, Vol. 1, 1996
gene of interest but instead also produces a number of un-
related retrotranscripts due to the non-stringent annealing
conditions. Therefore, in the PCR, only primers originating
upstream of the primer used in the reverse transcription
reaction will enrich for specific products.
The reaction mixture was heated to 95◦C and sub-
jected to an RNase treatment DNase-free RNase (Boehringer
Mannheim). Enzymes and unincorporated nucleotides
were removed using a QIAquick-spin PCR purification col-
umn (Qiagen). First-strand cDNA was eluted in a volume of
35 µl H2O and (dA)n tails were added for 10 min at 37◦C us-
ing 50 U terminal deoxynucleotidyl transferase (Boehringer
Mannheim), (20 µM dATP, 1,5 mM CoCl2, 200 mM K-
cacodylate, 0.25 mg/ml BSA, 25 mM Tris-HCl, pH 6.6) in a
total volume of 50 µl. Another cleaning using a QIAquick-
spin PCR purification column followed (elution volume:
50 µl).
Second strand synthesis was carried out in 0.2 ml
thin-walled PCR tubes without mineral oil overlay in
a Gene Amp PCR System 2400 (PE Applied Biosys-
tems) thermocycler in a total volume of 50 µl [1.5 mM
MgCl2, 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 200
µM of each dNTP, 20 nM hook primer RACE-N: 5’-
AAGGCTCCGTCGGCATCGATCGCGCGACTCTTTTTTTTT-
TTTTTTTT(A,G,C)-3’]. The mixture was heated to 96◦C for
1 min, cooled to 75◦C (5 min), then 2.5 U Taq polymerase
(Boehringer Mannheim) were added, followed by an
annealing step (50◦C; 5 min) and an elongation step (72◦C;
30 min). Near the end of the 72◦C step the tag primer
RACE-O (5’-AAGGCTCCGTCGGCATCG-3’) and a gene-
specific primer were added (1 µM each) and a two-step PCR
(35 cycles of 96◦C/40 s; 60−66◦C/2 min) was car-
ried out. One tenth of the PCR products was then
subjected to another nested PCR using RACE-I (5’-
GCATCGATCGCGCGACTC-3’) and another gene-specific
primer at similar conditions for 20−30 cycles.
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Products Used
Reverse Transcriptase: Reverse Transcriptase
from Boehringer Mannheim
RNase: RNase from Sigma
DNase-free RNA: DNase-free RNA from Boehringer
Mannheim
QIAquick-spin PCR purification kit: QIAquick-
spin PCR purification kit from QIAGEN GmbH
QIAquick: QIAquick from QIAGEN GmbH
Terminal deoxynucleotidyl transferase: Ter-
minal deoxynucleotidyl transferase from Amersham
Pharmacia Biotech
terminal deoxynucleotidyl transferase: ter-
minal deoxynucleotidyl transferase from Boehringer
Mannheim
Gene Amp PCR system 2400: Gene Amp PCR sys-
tem 2400 from PE Applied Biosystems
Taq DNA polymerase: Taq DNA polymerase from
PE Applied Biosystems
Taq DNA polymerase: Taq DNA polymerase from
Life Technologies (Gibco BRL)
Taq DNA polymerase: Taq DNA polymerase from
Life Technologies (Gibco BRL)
Taq DNA polymerase: Taq DNA polymerase from
Promega Corporation
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Taq polymerase: Taq polymerase from Pharmacia
Taq polymerase: Taq polymerase from Bioline
Taq polymerase: Taq polymerase from Advanced
Biotechnologies
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Taq polymerase: Taq polymerase from Bioline
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